This digital texture analysis-based study evaluates the chromatin organization state in flat and cribriform highgrade prostatic intraepithelial neoplasia (PIN), in the adjacent normal looking secretory epithelium and in the co-occurring adenocarcinoma. Digital texture analysis (karyometry) was carried out on hematoxylin and eosinstained sections from 24 radical prostatectomy specimens with high-grade PIN (12 with flat and 12 with cribriform architectural pattern, respectively) and cancer. Quantification was also conducted on the normal looking secretory epithelium. Discriminant analysis and the nonsupervised learning algorithm P-index were used to identify suitable subsets of features useful for the discrimination and classification of pathological groups and to explore multivariate data structure in the pathological subgroups. The average nuclear abnormality increases monotonically from the histologically normal appearing secretory epithelium to highgrade PIN and to adenocarcinoma. The nuclei from the so-called perimeter compartment of the flat high-grade PIN lesions show a higher nuclear abnormality compared to the nuclei of the cribriform high-grade PINs. Discriminant analysis shows that flat and cribriform high-grade PINs fall into two populations. Processing by the nonsupervised learning algorithm P-index revealed the existence of three well-defined, distinct subpopulations of nuclei of different chromatin phenotype. In the flat high-grade PIN lesions the proportions of nuclei in the three subpopulations are 16.5% (low abnormality), 25.0% (mid abnormality) and 58.5% (high abnormality), respectively. In the cribriform high-grade PIN lesions, 100% of the nuclei are in the midabnormality subpopulation. These differences are also discernible in the co-occurring adenocarcinoma and the histologically normal appearing secretory epithelium. To conclude, karyometry and statistical analysis detect the existence of distinct cell subpopulations of different chromatin packaging and phenotype, with the nuclei from the flat high-grade PIN lesions, adjacent normal looking epithelium and co-occurring adenocarcinoma expressing a greater nuclear abnormality than in the specimens with cribriform high-grade PIN.
Prostatic intraepithelial neoplasia is defined by an intraluminal proliferation of the secretory cells in the prostate duct-acinar system. PIN is characterized by a spectrum of atypical cytological features ranging from minimal changes to those that are indistinguishable from carcinoma cells. 1, 2 The classification of PIN into low-grade and highgrade is chiefly based on the cytological characteristics of the cells. The nuclei of cells composing low-grade PIN are enlarged, vary in size, have a normal or slightly increased chromatin content, and possess small or inconspicuous nucleoli. High-grade PIN is characterized by cells with large nuclei of relatively uniform size, an increased chromatin content, which may be irregularly distributed, and prominent nucleoli that are similar to those of carcinoma cells. The basal cell layer is intact or rarely interrupted in low-grade PIN, but may have frequent disruptions in high-grade lesions. 2 Many pathologists no longer report the presence of low-grade PIN and note only the histologic findings associated with high-grade PIN. The latter is a likely precursor for many peripheral zone moderately to poorly differentiated adenocarcinomas of the prostate, and hence it is often recognized in prostate glands that have not yet developed invasive carcinoma. 3 Bostwick et al 4 described four architectural patterns of high-grade PIN. These include flat, tufting, micropapillary and cribriform. The cribriform pattern is the easiest to identify also at low magnification, being composed of atypical cells completely spanning the lumen and often filling it (ie, cell mass with multiple small, round to elongated lumens). In many examples of cribriform PIN, the atypical cells are found only at the periphery, with cytologically bland cells in the center, such that atypical cells do not completely span the lumen. The flat pattern can be the most difficult to identify even at high magnification, being often composed of secretory cells with atypical nuclei in ducts and acini with minor architectural changes. Intraductal lesions with either a tufting or a micropapillary pattern might represent an intermediate stage in the formation of a cribriform structure from a flat lesion.
Familiarity with this diverse architectural spectrum may facilitate the histological recognition of PIN, even though these various architectural patterns have no apparent clinical significance: the pattern and morphologic features are not considered as important as the presence of this condition. 5, 6 To the best of our knowledge, there are no previous studies comparing the so-called perimeter compartment in cribriform and flat high-grade PIN. The perimeter compartment refers to the ring of secretory epithelial cells, which is close to, or in contact with, the periglandular stroma. 7 The objective of this study was to determine whether the nuclei in these two architectural types of high-grade PIN reveal different phenotypes in terms of chromatin organization state. Also, it was the objective of this study to determine if any such differences are expressed in the adjacent normal looking secretory epithelium, and whether they might persist into the co-occurring adenocarcinoma.
This was an exploratory study conducted on a limited sample size, however, which satisfied statistical power requirements to distinguish the high-grade PIN lesions according to their architecture, and to detect changes in the co-occurring adenocarcinoma and in the normal-appearing epithelium (see below in the Results section).
Materials and methods
The histological material used in the current study consisted of 24 cases of prostatic (acinar) adenocarcinoma obtained from the radical prostatectomy (RP) file of the Institute of Pathological Anatomy and Histopathology, Polytechnic University of the Marche Region (Ancona). The cases that met the following criteria were selected:
The study patients (their mean age was 62.5 years) did not receive chemo-, hormone or radiation therapy before surgery. The serum total PSA was below 10 ng/ml. The material had been fixed in 10% formalin for up to 24 h before processing. The pathologic stage was pT2a/b N0 and M0 (2002 revision of the TNM system) 8 in all cases. Cancer and high-grade PIN were always localized in the peripheral zone of the prostate. All the cancers had a Gleason score of 6 (3 þ 3). High-grade PIN showed a predominant flat architecture in 12 cases, while the cribriform pattern was the most prevalent in the other 12 ( Figure 1a and b). In each of the 24 cases, the slide (and its corresponding paraffin block) that contained cancer, high-grade PIN and normal and that was devoid of inflammation was selected for the study. As far as normal was concerned, this did not show morphological features of atrophy.
Sections, 5 mm thick, were cut from the paraffin blocks and stained with hematoxylin and eosin (H&E) in the same batch and at the same time. The areas of cancer, high-grade PIN and normal were marked on each slide with a pen. The areas of normal prostate were adjacent to the high-grade PIN foci.
Karyometric and Statistical Analyses
Karyometry was carried out at the Optical Sciences Center of the University of Arizona, Tucson, AZ, on the fresh H&E-stained sections. H&E-staining was used so that the results from image analysis could be directly compared and correlated with histopathologic assessment. Bahr 9 and Keenan et al 10 showed that data derived from H&E and Papanicolaou stains are linearly correlated with those from Feulgen.
The nuclei were recorded on a video-microscope equipped with a 63:1 Zeiss (Zeiss, Oberkochen, Germany) planapochromatic oil immersion objective, NA ¼ 1.40, and a COHU (San Diego, CA, USA) black and white video camera. An interference filter with a maximum bandpass at 610 nm was used to enhance contrast of the H&E-stained sections. The relay optics provided a sampling density of six pixels per micrometer. Individual nuclei from the images were edited using an interactive procedure and then filed for feature extraction. Enough fields were recorded to provide 100 nuclei from each diagnostic area per case (ie, 100 from high-grade PIN, 100 from normal looking secretory epithelium and 100 from adenocarcinoma), for a total of 7200 nuclei. Only the ring of secretory epithelial cells which is close to, or in contact with, the periglandular stroma was measured in high-grade PIN, histologically normal appearing secretory epithelium and adenocarcinoma. 7 This approach was adopted to avoid the fact that the 'maturation effect' 1 present in the central compartment of cribriform high-grade PIN could have influenced the results in the measurements. The basal cells, as identifiable by the morphology of the nuclei and by the degree of staining of the cytoplasm, were excluded from the evaluation.
A total of 93 karyometric features were analyzed in this study. These are related to nuclear area, total optical density and chromatin distribution. Table 1 gives a sample list of features used in the discriminant function analyses and in the unsupervised learning program P-index [11] [12] [13] (see below) (all features are given in relative units of measure) (the values in parenthesis refer to an arbitrary code number with which the feature is identified in the computer program). The P-index groupings are based on two composite features: the discriminant function I score, and the nuclear abnormality.
Statistical analysis included the use of the Kruskal-Wallis test to determine significant differences in chromatin texture features between pathological subgroups. Discriminant analysis was adopted to identify suitable subsets of features useful for the discrimination and classification of pathological groups. The nonsupervised learning algorithm P-index was used to explore multivariate data structure in pathological subgroups (details of these analyses are given in Bartels et al, 14 Bartels and Olson, 15 Beale 16 and Kruskal and Willis 17 ).
Results

Identification of the Normal Reference Data Set
In an effort to define a suitable reference data set to assess the degree of deviation of nuclei from 'normal', for the computation of nuclear signatures and lesion signatures, a discriminant function was derived. For this, all nuclei from the histologically normal appearing secretory epithelium were discriminated against all nuclei from the cases of adenocarcinoma. A threshold was set in the discriminant function score distribution from the histologically normal appearing secretory epithelium. A set of nuclei with low discriminant function scores was arbitrarily defined as the 'normal' reference nuclei.
Nuclear Abnormality, Nuclear Signature and Lesion Signature
The average nuclear abnormality for nuclei (for details in the calculation of the nuclear abnormality value, see Bartels et al 18 and Montironi et al 19 ) increases monotonically from the histologically normal appearing secretory epithelium (norm/ lesion) to high-grade PIN and to adenocarcinoma. The nuclei from the flat high-grade PIN lesions show a higher nuclear abnormality compared to the nuclei from cribriform high-grade PINs. This is also observed for the nuclei from the histologically normal appearing secretory epithelium of flat highgrade PIN cases and the nuclei from the co-occurring adenocarcinomas. In fact, in the cases with flat highgrade PIN the nuclear abnormality for all sites is greater than for nuclei from the cases with cribriform high-grade PIN ( Table 2 ). The observed mean differences are in the order of 15-25%, that is, substantially larger than the 4-5%, which could have been detected with a group sample size of 1000 nuclei, and which still would have offered 90% power.
A second option for the derivation of a grading curve of the lesions being investigated in this study is offered by the set of feature z-values used in the nuclear signatures. [11] [12] [13] These values express the relative deviation of each feature from 'normal', as assessed from the set of 'normal' reference nuclei. These features have the advantage that they are based on a relative, 'internal' standard. They also can indicate changes in the variance of features even if no change in the mean value occurs (for details in the calculation of the nuclear signature features, see Bartel et al 14 ) . Figure 2a and b show the nuclear signatures of the reference data set, the nuclei measured in the histologically normal appearing secretory epithelium, in high-grade PIN, and in adenocarcinoma, for the cases with flat and with cribriform high-grade PIN lesions, respectively. The nuclear signatures in both high-grade PIN patterns are clearly different from that of the reference nuclei and are similar to those in the co-occurring cancer. In addition, the profiles in the nuclear signatures in the flat high-grade PINs are different from those in the cribriform group of high-grade PINs, deviating more from normal in the former group. Interestingly, the nuclei in the histologically normal appearing secretory epithelium for cases of either high-grade PIN patterns show a signature that is more similar to that of high-grade PIN than to that of the reference nuclei.
The lesion signatures (for details in the calculation of the lesion signatures, see Montironi et al 19 ) show an increasing nuclear abnormality from the histologically normal appearing secretory epithelium, to the high-grade PIN lesions, and the adenocarcinomas, with a shift towards higher nuclear abnormalities in the group of flat high-grade PIN lesions, as seen in Figure 3 .
Discriminant Analyses
The Table 3 lists the feature mean values. The differences are not substantial, but Wilks' Lambda was reduced to 0.84. This confirms statistical significance of the differences even though the two discriminant function score distributions clearly overlap. The average correct classification rate for nuclei was only a modest 67%. Figure 4 shows the discriminant function score distributions. Again, the nuclei from flat high-grade PIN are shown to be shifted towards the higher scores.
The distributions of the feature values, of the nuclear abnormality values and of the discriminant function scores overlap to such an extent that case classification on this basis is not effective. To improve the case classification rate, it was decided to abandon the discrimination on the basis of the nuclear discriminant function scores, and to rely instead on the within case function score distributions, that is, to conduct a secondary discriminant analysis using the relative frequencies of occurrence of discriminant function score values as metafeatures. For seven of the 24 value intervals on the discriminant function I score range a statistical difference of Po0.05 was found. A discriminant analysis based on these metafeatures reduced Wilks' Lambda to 0.52 (discriminant function II) and achieved a case correct classification rate of 85%. Figure 5 shows a plot where discriminant function score I is used as ordinate, and discriminant function II as abscissa. The 95% bivariate confidence ellipses are based on the modest sample sizes of 12 cases each only, and show minimal overlap. It is evident that nuclei from flat and from cribriform high-grade PIN fall into two populations that overall are very similar, with the nuclei from flat high-grade PIN expressing a higher nuclear abnormality.
These differences are also discernible in the cooccurring adenocarcinoma and the histologically Karyometry of flat and cribriform PIN R Montironi et al normal appearing secretory epithelium, when the corresponding discriminant functions I and II were developed (data not shown).
Phenotype Identification by Unsupervised Learning
The data set from flat and cribriform high-grade PIN lesions was submitted to the unsupervised learning algorithm P-index (for details in the calculation see Montironi et al 19 ) to establish whether the nuclei represented a homogeneous population. Processing by this algorithm revealed the existence of three well-defined, distinct subpopulations of different chromatin phenotype. One of these three phenotypes has a low nuclear abnormality 2 (ie, low abnormality subpopulation). The second phenotype represents nuclei deviating by about 1.2-2.4 averaged standard deviations from normal (ie, mid abnormality subpopulation), and the third phenotype represents nuclei deviating from 2.5 to 3.2 average standard deviations from normal (ie, high abnormality subpopulation). Table 4 lists the average nuclear abnormality values and the mean discriminant function I values for these three subpopulations (the nuclei of the flat and high-grade PINs are pooled together). Figure 6 shows the nuclear signatures of these phenotypes. The three subpopulations differ notably and statistically in a large number of karyometric features. Figure 2 Nuclear signatures of the reference data set, the nuclei measured in the histologically normal appearing secretory epithelium, in high-grade PIN, and in adenocarcinoma, for the cases with flat and with cribriform high-grade PIN lesions, respectively. The nuclear signatures in the flat high-grade PINs are different from those in the cribriform group of high-grade PINs, deviating more from normal in the former group. Table 5 shows the mean values for some features. The P-index algorithm was then applied to the data sets from adenocarcinomas and histologically normal appearing secretory epithelium and revealed the existence of the same subpopulations of nuclei seen in the flat and cribriform PIN lesions (Table 6 ).
In the flat high-grade PIN lesions, the proportions of nuclei in the three subpopulations are 16.5% (low abnormality), 25.0% (mid-abnormality) and 58.5% (high abnormality), respectively. In the cribriform high-grade PIN lesions, 100% of the nuclei are in the mid-abnormality subpopulation.
The adenocarcinomas co-occurring with the flat and cribriform high-grade PIN lesions are somewhat similar as far as the high abnormality subpopulation Figure 3 The lesion signatures show an increasing nuclear abnormality from the histologically normal appearing secretory epithelium, to the high-grade PIN lesions, and the adenocarcinomas, with a shift towards higher nuclear abnormalities in the group of flat high-grade PIN lesions. is concerned, even though the former has a slightly higher proportion than the other, that is, 64.5 vs 60.5%, respectively. Different are the proportions in the other two subpopulations. There are no nuclei in the low subpopulation in the cancers co-occurring with flat high-grade PIN.
In the norm/lesion data sets from the samples with flat high-grade PINs, 60 and 40% of nuclei are found to belong to the mid and high abnormality subpopulations, respectively. In the norm/ lesion data sets from the samples with cribriform high-grade PINs, the nuclei belong to the low (24%) and mid (76%) abnormality subpopulations, respectively.
In the flat high-grade PIN there are, overall diagnostic sites, 5.5% of all nuclei in the low abnormality group, 40.2% in the mid-abnormality group, and 54.3% in the high abnormality group. This compares to 13.2, 66.7 and 20.2% in the cribriform high-grade PIN. The proportion of 54.3% is clearly significantly greater than the 20.2% in the cribriform high-grade PIN for the highest abnormality group. Conversely, the cribriform high-grade PIN has, with 66.7%, a significantly higher proportion in the mid-abnormality group than is seen in the flat high-grade PIN. For the sample sizes involved, the differences in proportions are significant at Po0.01 in these comparisons. The difference in proportions for the lowest abnormality group is not significant. Figure 7 is a bivariate plot based on the average nuclear abnormality and discriminant function I score for the low, mid and high abnormality subpopulations in normal looking tissue, high-grade PIN and cancer, both for the flat and cribriform groups.
Discussion
Karyometry and statistical analysis in prostates harboring high-grade PIN and cancer detect the existence of nuclear subpopulations with distinct chromatin phenotypes. Little is known about the underlying biological mechanisms responsible for the subvisual differences in chromatin organization state in the three subpopulations. 19 The fact that the patterns of chromatin packaging are consistent within defined pathological subgroups may be considered an indication of functional inter-relationships between nuclear structure and gene expression 20 and suggests that chromatin organization is under very tight cellular control and that chromatin phenotype impacts on malignant potential. 21 Epigenetic mechanisms such as histone acetylation and methylation are likely to play a major role in determining chromatin pattern. Numerous recent studies have also shown that nuclear architecture, higher order chromatin organization and the topology of chromosomal territories in interphase cells might be involved in gene regulation. 22 A comprehensive model for these interactions does not yet exist but as this study shows, nuclear chromatin phenotype provides very specific clues to the underlying pathology and its study is likely to be extremely important in cancer pathobiology.
Karyometry and statistical analysis show the presence of the three subpopulations in flat and cribriform high-grade PIN, the nuclei from the former expressing a higher degree of nuclear abnormality compared to those from the latter. To the best of our knowledge, this is the first investigation documenting differences in cell composition in PIN lesions showing different architectural patterns. Previous studies 1, 23, 24 have either tried to identify cell subpopulations or to define subgroups in highgrade PIN, regardless of its architecture.
For instance, Montironi et al 23 conducted a morphological and morphometric investigation on the so-called perimeter compartment in high-grade PIN and prostate cancer from cystoprostatectomy specimens of patients with bladder cancer and RP specimens of patients with clinically evident prostate cancer. When image analysis was applied, two subpopulations were identified. In the Figure 7 Bivariate plot based on the average nuclear abnormality and discriminant function I score for the low, mid-and high abnormality subpopulations in normal looking tissue, high-grade PIN and cancer, both for the flat and cribriform groups. cystoprostatectomy specimens, there was a greater proportion of nuclei in the subpopulation with lower nuclear and nucleolar area values, compared to the RP specimens in which the nuclei in the subpopulation with higher nuclear and nucleolar area values prevailed. The message put forward in that study was that the distinct subpopulations exist and these might be related to differences in cancer development and aggressiveness. Even though data on the four architectural patterns were not collected due to the small number of cases included in the investigation, the results were somewhat similar to what was found in the current work: high-grade PIN lesions might share the same morphology when examined under the microscope; however, subpopulations can be identified when image analysis is applied.
A study published by Weinstein 24 gives further support to the concept of subpopulations of highgrade PIN. This author examined the proliferative indices of benign epithelium, carcinoma as well as noncribriform high-grade PIN that is found in close proximity to carcinoma. It was found that the proliferative index was higher for cancer than for high-grade PIN, and that the latter fell into two distinct subgroups. It was concluded that there may be two types of lesions with the morphological appearance of high-grade PIN and that they may have different biological relationship to carcinoma.
Digital chromatin texture analysis demonstrates that the three subpopulations are also identifiable in the histologically normal appearing secretory epithelium adjacent to high-grade PIN as well as in the co-occurring adenocarcinoma, and that the proportion of nuclei in the three subpopulations reflects that seen in the type of PIN being present.
Recent studies have pointed out that the normal looking prostate epithelium may show some molecular and morphometric changes similar to those detected in the preneoplastic and neoplastic lesions. [25] [26] [27] It is worth mentioning a previous study 27 in which karyometry was performed on prostatectomy specimens either devoid of PIN and cancer, or with isolated PIN, or with PIN and cooccurring cancer. The nuclei from normal looking epithelium examined in the latter two types of specimens formed three subgroups, one with low nuclear and nucleolar area values, another with nuclear features overlapping those seen in highgrade PIN (most of the PIN cases showed either tufting or micropapillary architecture) and cancer, and another with values intermediate between those of the other two groups. The pathologist, when examining the specimens under the microscope, could not fully appreciate these abnormalities, even though a certain number of nuclei with some nucleolar prominence could be spotted. The conclusion of the study was that the subtle nuclear abnormalities belong the group of malignancyassociated changes, which in turn might be an example of preneoplastic condition. 5 In conclusion, karyometry and statistical analysis detect the existence of distinct cell subpopulations of different chromatin packaging and phenotype. The nuclei from the flat high-grade PIN lesions, adjacent normal looking epithelium and co-occurring adenocarcinoma express a greater nuclear abnormality than in the specimens with cribriform high-grade PIN. Further studies are needed to investigate the chromatin organization state in the four major architectural patterns described by Bostwick et al 4 and to better understand the clinical relevance and biological implications of our findings.
